In the supramolecular chemistry field, coordination-driven self-assembly has provided the basis for tremendous growth across many subdisciplines, spanning from fundamental investigations regarding the design and synthesis of new architectures to defining different practical applications. Within this framework, supramolecular coordination complexes (SCCs), defined as large chemical entities formed from smaller precursor building blocks of ionic metal nodes and organic multidentate ligands, resulting in intricate and well-defined supramolecular structures, hold great promise. Notably, interest in the construction of discrete 3D molecular architectures, such as those offered by SCCs, has experienced extraordinary progress because of their potential application as sensors, catalysts, probes, and containers and in basic host−guest chemistry. Despite numerous synthetic efforts and a number of inherent favorable properties, the field of 3D SCCs for biomedical applications is still in its infancy. This Viewpoint focuses on 3D SCCs, specifically metallacages and helicates, first briefly presenting the fundamentals in terms of the synthesis and characterization of their host−guest properties, followed by an overview of the possible biological applications with representative examples. Thus, emphasis will be given in particular to metallacages as drug delivery systems and to chiral helicates as DNA recognition domains. Overall, we will provide an update on the state-of-the-art literature and will define the challenges in this fascinating research area at the interface of different disciplines.
INTRODUCTION
Over the last few decades, the area of metallosupramolecular chemistry has grown exponentially. Usually, coordination compounds for this type of chemistry are classified into two main branches: metal−organic frameworks (MOFs) and supramolecular coordination complexes (SCCs). MOFs are metal−organic porous coordination polymers consisting of metal ions or clusters and organic linkers that are connected by metal−ligand coordination bonds. 1 Instead, SCCs are welldefined, discrete 2D or 3D molecular entities with suitable metal centers undergoing coordination-driven self-assembly with ligands containing multiple binding sites. 2 Through the judicious choice of the coordination geometry of the metal-ion precursor and complementary structure of the multidentate ligand, an almost infinite range of MOFs and SCCs can form via the process of self-assembly. 3, 4 Over the years, several strategies have been used to design these systems, including directional bonding, symmetry interaction, insertion of noncoordinating templates, molecular paneling, reticular chemistry, etc. 2 The host−guest properties of supramolecular complexes are certainly one of their key features, making them not only interesting architectures but also attractive for a wide range of potential applications in catalysis, 5 fluorescent probe design, 6 and the development of novel theranostics and therapeutics. 7 For example, in the case of MOFs, their rigid morphologies and tunable pore sizes have been exploited in catalysis, 8, 9 taking advantage of the enhanced surface area used as a support structure for the active catalytic substance, while the pores can be altered to filter specific molecules for a certain reaction. Other promising applications of MOFs undergoing investigation are in molecular separation 10 and drug delivery. 11 In the context of SCCs, 2D metallacycles, formed from cationic metal nodes with two available coordination sites and bidentate Lewis base ligands, started to be reported during the late 1980s and into the 1990s. 12, 13 Initial interest for these 2D structures relied mainly on their aesthetically pleasing symmetry; however, applications in catalysis 14 and molecular recognition have since been reported, 15 including as selective sensors for biologically important analytes. 16 Still within the SCC family, 3D cagelike structures, also defined as metallacages, are of great interest because their geometry generally allows an internal cavity to encapsulate guest molecules. Metallacages of the general formula M x L y (L′ z ) (M = metal; L, L′ = ligands) form a highly diverse class of structures because of the interchangeable nature of both the ligand and metallic nodes. An essential role in determining the resulting metallacage structure (geometry and size) and chemical properties is played by the metal ion, which is commonly a transition metal [i.e., iron(II), cobalt(II), nickel-(II), copper(II), zinc(II), molybdenum(II), ruthenium(II), rhodium(II), palladium(II), and platinum(II) ions have been used] or a lanthanide. Overall, the combination of the coordination geometry of the selected metal ion with different ligands can give rise to a great variety of supramolecular scaffolds for different applications. 17 Recently, numerous thematic reviews have discussed the vast progress in the design and synthesis of these attractive materials. 2,18−21 Thus, our Viewpoint is not intended to present the design perspective in detail but rather to summarize some general design principles focusing on the most recent examples from those cage systems having biomedical implications. In fact, while in the last 10 years there has been an exponential growth of the number of papers related to the synthesis of SCCs, although always reduced compared to MOFs, reported studies including their biological/biomedical applications are still limited (Figure 1 ).
There are numerous methods to categorize 3D SCCs, such as the resulting cage geometry, the ratio of ligands to metals, the type of self-assembly, or the metal ion used. For the purpose of this Viewpoint, we will mainly focus on metallacages and helicates, highlighting the state-of-the-art research toward their biological applications, including as drug delivery systems and for DNA recognition with potential applications in imaging and therapy. Overall, we aim at providing the future outlook for this exciting research field, which, in defining the various challenges, will hopefully stimulate new ideas within the bioinorganic and medicinal inorganic chemistry community. 27 and (B) the two-step self-assembly of [M x L′] z L y n+ face-directed metallacages, as described by Fujita et al. 26 The structures were obtained from the CCDC (853226 and 293777) and modified accordingly using Discovery Studio software.
METALLACAGES AND HELICATES: GENERAL PRINCIPLES
The synthesis of metallacages has recently been the topic of several reviews 22−24 and has been shown to be extremely predictable with the careful choice of complementary ligands to metals, in most cases proceeding under mild conditions via selfassembly to produce quantitative yields of the desired complex. Specifically, metallacages can be formed via two self-assembly methods, namely, edge-directed synthesis via direct coordination of the ligands to the metal ions, resulting in the general formula M x L y (Figure 2A ), or face-directed synthesis ( Figure 2B ). The latter consists of altering the available coordination sites of the metal ion to impose a degree of directionality with an appropriate ligand to form a precursor coordination complex. Upon the introduction of complementary and multidentate ligands, the desired metallacage will form via self-assembly with the general formula (M x L′) z L y ( Figure 2B ). As an important requisite for the polyhedral structure, at least one component of the systems must show a bent geometry (with a bending angle θ < 180°). This provides the needed curvature for the formation of a finite symmetry. Such cages are, therefore, assembled from rigid, planar multidentate ligands covering the resulting capsule's geometric face. For example, in 2004 Muller et al. reported the first palladium(II) closed coordination capsule with an octahedral outer shape predicted to be able to encapsulate at least four water-coordinated sodium ions. 25 Moreover, Fujita et al. have reported a [Pd 6 (1,2-diamineethane)] 6 L 4 cage from the self-assembly of planar tridentate ligands and cis-capped palladium(II) ions at a 4:6 ligand-to-metal ratio, with a resulting geometric structure of an octahedron with four of the eight faces covered by the tridentate ligand ( Figure  2B ). 26 Furthermore, Fujita et al. have reported the synthesis of a series of Pd 12 L 24 and Pd 24 L 48 edge-directed-type metallacages, where the selected ligands are structurally similar fivemembered heterocycles functionalized with two pyridine "arms" (Figure 3 ). 28 The cages were characterized using 1 H NMR and cold-spray ionization mass spectrometry. Notably, by changing the element or position of the heteroatom in the central five-membered heterocycle, it was possible to fine-tune the angle between the two coordinating pyridine "arms" of the ligand and determine this angle by density functional theory (DFT) calculations. The results showed that, when the bond angle was between 134°and 149°, Pd 24 L 48 cages were formed, whereas a bond angle between 127°and 131°favored exclusively the formation of Pd 12 L 24 cages ( Figure 3 ). 28 It was suggested that the switch of the formation between a Pd 12 L 24 cage and a Pd 24 L 48 cage must lie within the range of 131 and 134°, although it was noted that a mixture of the two cages was never observed.
Interestingly, Raymond and co-workers have reported an example of both edge-directed (M 4 L 6 ) and face-directed (M 4 L 4 ) gallium-based tetrahedral metallacages. 29 The interactions between both types of metallacage host structures and a range of guest molecules have been explored, 29−32 and the edgedirected M 4 L 6 cages were found to exhibit a greater scope of host−guest chemistry compared to the face-directed M 4 L 4 . 29, 30 It was hypothesized that the broader range of host−guest chemistry of the M 4 L 6 -type architecture could be attributed to the increased flexibility of the edge-directed scaffold. This flexibility allows slight conformational changes of the host cage favoring stronger association with the guest molecule, similar to that observed for highly specific protein−ligand interactions in biological systems.
The controlled synthesis of heteroleptic cages would be extremely attractive for biological applications because, unlike homoleptic cages, more than one type of ligand, featuring different functional groups (e.g., to achieve both imaging and targeted therapeutic effects), could be used to form the SCC. Most polyhedral complexes reported to date contain only one type of ligand, and this results in a simple single product. Selfassembly involving two or more different ligands has often been examined with the aim of generating more elaborate structures and functions, but a clear strategy to predict and account for the structures of mixed-ligand self-assembly does not seem to exist. 33 Although the synthesis of heteroleptic cages has been 28 The X-ray structures were obtained from the CCDC (927643 and 860617) and modified accordingly using Discovery Studio software. reported, the only examples to date, achieving an isolated product with a vacant internal cavity, are inherently those that follow the face-directed synthesis, whereby a tightly bound organometallic precursor is first synthesized, followed by selfassembly of the metallacage upon the introduction of a multidentate Lewis basic ligand. However, recently, there have been reports of the synthesis of multicomponent, heteroleptic edge-directed metallacages. 34−37 Unfortunately, the examples reported so far do not isolate a single, pure heteroleptic cage but rather a mixture of multicomponent cages. 38 For example, Crowley et al. have described the controlled synthesis of heteroleptic metallacages of the general formula Pd 2 (L a ) 2 (L b ) 2 using structurally similar tripyridyl ligands, which was discovered while carrying out competitive ligand substitution experiments (Figure 4 ). 39 The study showed that the addition of an amino functional group to the terminal pyridine of the ligand would replace the original tripyridyl ligands because of the electron-donating properties of the amino substituent. Interestingly, when the amino group was functionalized in the ortho position of the terminal pyridine ring, a stable heteroleptic cage was formed. DFT calculations were carried out on the new cage product, and it was determined that the cis conformation was energetically more favorable than the trans conformation. Furthermore, large downfield shifts for the amino protons in the 1 H NMR spectra of the heteroleptic cage were observed, attributable to hydrogen bonding between the adjacent amino groups, as well as further hydrogen bonding to the acidic α-hydrogen of the adjacent tripyridyl ligands.
Inorganic Chemistry
Within the 3D SCCs, helicates typically consist of ligands formed from a binding unit and a spacer unit ( Figure 5A 39 The cis isomer was found to be more stable than the trans isomer. describe both a di-and trinuclear self-assembled, helical structure of copper(I) ions with ligands composed of two and three linked bipyridine molecules, respectively. 40 The crystal structure was determined for the trinuclear helicate and revealed a 1:1 ratio of helicates with opposite chirality. It was predicted that introducing ordered functional groups into this basic scaffold could be exploited for biologically relevant applications. As such, many helicates cannot be literally described as cage complexes because they lack vacant internal pores to accommodate guest molecules. Over the following decade, numerous reports showed examples of double-and triple-stranded helicate structures using different metal ions and ligands, well described by a comprehensive review by Hopfgartner et al. 41 The diverse morphologies of these chiral structures have continued to appeal to synthetic chemists since then, and more examples of helicates have been reported, although optically pure helicates are much rarer. 42 Several kinds of inert metal helicates maintain rigid helical structures, and their stereoisomers are separable by optical resolution techniques, while labile metal helicates offer dynamic inversion of their helical structures, "chirality switching", via noncovalent interactions with external chemical signals. 43 The latter could be exploited as time-programmable switches of chirality-derived dynamic rotations, translations, stretching, and shape flipping, for diverse applications in nanoscience and related technology.
Interestingly, helical structures that can accommodate guest molecules have recently been reported. 44, 45 For example, Kruger et al. synthesized a triple-stranded iron(II) helicate structure that was hypothesized to accommodate up to two chloride ions within two vacant internal pores. 46 The structure of the host−guest system was studied by 1 H NMR titration experiments, revealing that, upon the addition of Cl − ions, a significant downfield shift of the signals of both the amide and bipyridyl protons occurred, indicative of hydrogen bonding. The titration experiments also showed a 1:2 host-to-guest stoichiometry. This result, along with the observation that the triple-stranded rac isomer was favored over the meso isomer, led us to propose that the Cl − ions occupied the helicates' internal cavity and improved the chiral nature by giving structure via hydrogen bonding. Most reported cases of helicate host−guest complexes provide evidence for the encapsulation of anions into the vacant helicate cavity; however, at the time of writing, no instances of host−guest helicate complexes could be found that took advantage of the helicates' chiral nature by preferentially encapsulating one enantiomer over another. Interestingly, Cui et al. reported quadruple-stranded helicates that, in the solid state, provided a certain degree of enantioselectivity when introduced to a racemic mixture of small chiral molecules ( Figure 5B ). 42 However, the degree of separation was not large enough to yield an enantiopure product.
METALLACAGES AS DRUG-DELIVERY SYSTEMS
In the past decade, the number of reports on the anticancer activity of 3D SCCs with different shapes (helicates, 47, 48 cages, 49 rectangles, boxes, 50−52 prisms, 53,54 and capsules 55 ) and different compositions (M 2 L 3 , M 2 L 4 , M 4 L 4 , M 4 L 2 L′ 2 , M 6 L 6 L′ 2 , and M 8 L 8 L′ 2 , where M is usually Fe II , Pd II , Pt II , or half-sandwich organometallic clips based on Ru II , Os II , or Ir III and Rh III ) have increased exponentially. The characteristic advantages of the SCCs, over small bioactive metal complexes, are their larger size (usually of 1−10 nm) and well-defined structure and cavity, which can improve their therapeutic profiles through combined effects or alternative mechanisms of action.
In this Viewpoint, we decided to focus on the systems that showed promise for biomedical applications not because of their intrinsic anticancer potential but for their favorable properties as drug delivery systems. This is particularly relevant to cancer chemotherapy, whose success rate remains limited, primarily because of the scarce selectivity of drugs for the tumor tissue, often resulting in severe toxicity and in the development of drug resistance. In fact, different strategies to achieve drug targeting, such as tethering anticancer compounds to or encapsulating them in a wide range of functional molecules or nanomaterials (with or without active targeting groups), have been developed. 56−58 For example, lipid nanosystems, such as liposomes and micelles along with virus-inspired vectors and polymeric particles, as well as inorganic nanoparticles, have been studied to deliver bioactive compounds to tumor sites. However, such targeted constructs have several limitations: for example, polymers and dendrimers often require considerable synthetic effort and can be plagued by low yields and largely amorphous final structures, while nanoparticles often present issues of toxicity and lack of biodegradability. 59 In general, the encapsulation of a drug molecule within an internal cavity of a soluble host structure may protect the compound from harsh physiological conditions, as well as increase the solubility of lipophilic molecules. Furthermore, conjugation of molecules such as targeting moieties or fluorophores to the outer surface of the host complex may provide further desirable properties to the host−guest complex without affecting the structure of the drug molecule. In this context, supramolecular metallacages offer several properties that make them attractive candidates for future drug delivery systems. For example, the rigid, porous structure offers a secure cavity for small drug molecules, and the ability to modify the ligand structure both pre-and postsynthesis allows for the properties of the resulting structure to be improved. Furthermore, because metallacages, at variance with MOFs, are discrete chemical entities, the issues of solubility in an aqueous environment can be potentially overcome. Despite their ideal features, currently the full potential of metallacages as drug delivery vehicles has not been realized, with most publications focusing on the synthesis and characterization of these novel structures and only suggesting what future applications may be. The lack of substantial research into biological applications for these types of SCCs may stem from some unattractive properties often associated with metal complexes, such as instability in an aqueous environment and toxicity concerns of both the ligand and metal-ion components. Moreover, control of their host−guest properties in the complex biological medium needs to be demonstrated. To this aim, the development of suitable methods to study the encapsulation and drug-release properties of metallacages in physiological conditions (i.e., at micromolar concentration, in the presence of buffer components, etc.) is essential.
This specific research area has been pioneered by Therrien et al., who were the first to report in 2008 on the self-assembly of hexaruthenium metallacages (metallaprisms), 60 based on previous studies on ruthenium(II) metallacycles developed by Suss-Fink et al., 61 and their potential use as a drug delivery vehicle for lipophilic molecules. Specifically, the cationic hexanuclear metallaprism [(p-cymene) 6 Ru 6 (tpt) 2 (dhbq) 3 ] 6+ (tpt = 2,4,6-tris(pyridin-4-yl)-1,3,5-triazine; dhbq = 2,5dihydroxy-1,4-benzoquinonato) was synthesized and used to Figure 6 ). 60 The metallaprism is watersoluble and is moderately cytotoxic (IC 50 of ca. 23 μM) against human ovarian A2780 cancer cells, while [Pt(acac) 2 ] is completely inactive. Interestingly, the encapsulated Pt(acac) 2 (Pt(acac) 2 ⊂[(p-cymene) 6 Ru 6 (tpt) 2 (dhbq) 3 ] 6+ ]) was 20-fold more cytotoxic (IC 50 ca. 1 μM) than the metallaprism. This initial study provided the proof-of-concept for what Therrien defined as "the Trojan horse strategy" of hiding a cytotoxic agent in the cavity of a metallacage until, after internalization within the diseased cells, the drug can be released and perform its cell-killing act.
Subsequently, a hexaruthenium metallacage of the type [Ru 6 (p-iPrC 6 H 4 Me) 6 (tpt) 2 (C 6 H 2 O 4 ) 3 ] 6+ was investigated for the release mechanism of encapsulated fluorescent pyrene derivatives and for anticancer properties in vitro. 50 Interestingly, the fluorescence of the pyrene derivatives is quenched upon encapsulation, allowing for the release of the molecule to be monitored by fluorescence spectroscopy. The initial experiments determined that there was no release of the guest molecule at pH 2 or pH 7 because the obtained fluorescent spectrum showed significant quenching of the pyrene group, while guest release occurred at pH 12. 50 Concerning the antiproliferative properties, IC 50 values for the free pyrene derivative, the hexaruthenium complex, and the encapsulated pyrene within the hexaruthenium complex were reported. The results showed that, while the free pyrene derivative and the cage complex alone were scarcely cytotoxic (IC 50 > 20 and 16 ± 2.3 μM, respectively), the host−guest complex was considerably more active (6 ± 0.8 μM). 50 Fluorescence microscopy data suggested that the increased cytotoxicity was due to an increased uptake of the poorly soluble pyrene derivative into the cancer cell after being delivered by the water-soluble ruthenium cage complex. However, further studies would be necessary to clarify the mechanisms of intracellular release of the pyrene molecule and the possible synergic anticancer effects of the cage−pyrene system.
The same group studied the encapsulation properties of the hexaruthenium metallacage with a series of functionalized fluorescent pyrene derivatives using NMR ( 1 H, 2D, and DOSY) spectroscopy and electrospray ionization mass spectrometry (ESI-MS). 62 The synthesis of the host−guest system proceeded via a two-step process: first, the diruthenium half-sandwich molecular "clip" reacts with silver triflate to produce a reactive intermediate; afterward, a 2:1 solution of the tridentate (tpt) and pyrene derivative is introduced to form the host−guest complex via self-assembly. 62 The antiproliferative properties of the vacant cage and the pyrene−cage complexes were investigated in human A2780 ovarian cancer cells. According to the obtained results, the vacant cage had a moderate antiproliferative effect, while the encapsulated complexes resulted in lower IC 50 values. 62 Two of the guest complexes, two pyrene derivatives tethered to either a carbonic anhydrase inhibitor or to a glutathione transferase inhibitor, respectively, showed antiproliferative effects comparable to those of cisplatin. The results also showed that the hexaruthenium cage complexes can help to improve the efficacy of the insoluble inhibitors and can successfully deliver them into cells in vitro.
Therrien and co-workers developed further the host−guest properties of their drug delivery system by carrying out experiments to determine the effects of the portal size of the ruthenium half-sandwich complex on the retention of the planar [Pd(acac) 2 ] complex and the pyrene derivative 1-(4,6dichloro-1,3,5-triazin-2-yl)pyrene used as guest molecules. 63 Thus, three hexaruthenium cages were prepared by extending the polycyclic aromatic system in the diruthenium bridging ligands, using the 1,4-naphthoquinonato, 1,4-anthraquinonato, and 5,12-naphthacenedionato analogues, resulting in a decrease of the portal size while the internal cavity remained largely the same. Using 1 H NMR to monitor the chemical shift of the protons on the cage complex, a 1:1 stoichiometry of the cage complex to the encapsulated molecule was estimated. Fluorescence studies were carried out to determine the release of the pyrene derivative from the cage complexes. As expected, the results showed a trend for the smaller pore size retaining the guest molecule more effectively. Moreover, the ability of the hosts to deliver guests into cancer cells was evaluated and the uptake mechanism studied by inductively coupled plasma mas spectrometry (ICP-MS) and fluorescence microscopy. 63 Overall, the rate of intracellular release of the guest molecule was found to depend on the portal size of the host. Nevertheless, all cages delivered the guest to similar intracellular organelles, and the mechanisms of uptake involved endocytosis/macropinocytosis rather than passive diffusion across the cell membrane. 63 Although hexaruthenium metallacages have seen most investigation as a future supramolecular coordination drug delivery system so far due to their highly desirable water solubility, a number of other SCCs have undergone preliminary drug encapsulation and pharmacological studies in vitro to assess their potential as drug delivery systems. For example, surface-functionalized porous coordination nanocages of copper(II) and 5-(prop-2-ynyloxy)isophthalic acid (pi) bearing polymer (PEG5k) material have successfully been synthesized using a "Click chemistry" approach. 64 The scaffold is composed of 12 dicopper paddlewheel clusters and 24 isophthalate moieties, with 8 triangular and 6 square windows that are roughly 8 and 12 Å across, respectively. The internal cavity has a diameter of ca. 15 Å, and the cage has high stability in an aqueous medium. In addition, the cages' drug load and release capacity has been evaluated using the anticancer drug 5fluorouracil (5-FU). 64 Drug-release experiments were carried out by dialyzing the drug-loaded Cu(pi)-PEG5k against a buffer solution [phosphate-buffered saline (PBS), pH 7.4] at room temperature. Interestingly, around 20% of the loaded drug was released during the first 2 h, while a flatter release curve can be observed for up to 24 h. The latter slow release has been associated with the slow diffusion rate of 5-FU caused by the strong interaction between the Lewis acid sites in Cu(pi) and the base site in 5-FU.
Concerning other copper(II)-based scaffolds, the system based on the stepwise assembly of the MOF [Cu 24 (5-NH 2isophthalate) 24 (bipyridine) 6 (H 2 O) 12 ] derived from the [Cu 24 (5-NH 2 -isophthalate) 24 ] cuboctahedron was also synthesized, composed of two kinds of cages (namely, six micropores and one mesopore). 65 Similarly to the above-mentioned study, drug-release experiments were carried out by dialysis of 5-FU loaded into the MOF in a PBS solution (pH 7.4) at 37°C. 65 Thus, ca. 80% of the loaded drug was released during the initial fast release (7.5 h), likely because of the overall degradation of the MOF structure. Then, a much flatter release curve generates up to 24 h, which was again attributed to the strong interaction between the Lewis acid sites in the cage structures forming the MOF and the base site in 5-FU.
Within the M 2 L 4 family, Crowley et al. have designed a cationic Pd 2 L 4 cage using 2,6-bis(pyridin-3-ylethynyl)pyridine as the bidentate ligand, 27 based on previous work by Fujita et al. 66 and Steel et al., 67 and characterized it using 1 H NMR, ESI-MS, and X-ray diffraction (XRD) to show that a quadruplestranded cage with the internal cavity lined up with the nitrogen atom from the central pyridine of the ligand. Interestingly, for the first time, encapsulation of the anticancer drug cisplatin within the cages' cavity was demonstrated by XRD studies. Moreover, 1 H NMR studies showed that the peak corresponding to the internal proton had broadened and shifted downfield, indicative of hydrogen-bonding interactions of the host−guest system. The release of cisplatin was facilitated by the introduction of competing ligands [4-(dimethylamino)pyridine or Cl − ] to disassemble the cage, as shown via 1 H NMR and ESI-MS. The water solubility and stability under physiological conditions are both crucial for the biological application of metallaassemblies. Unfortunately, Pd 2 L 4 cages of this type are scarcely soluble in an aqueous environment, despite their overall positive charge, and implementation of their hydrophilic character is necessary, for example, via the introduction of water-soluble moieties in their scaffold. As an example, PEGylation of Pd 2 L 4 systems has shown to efficiently improve the stability of single nanocages in solution. 68 Recently, Lippard et al. synthesized a cationic host−guest complex by the reaction of an adamantylplatinum(IV) prodrug with a hexanuclear platinum(II) cage in a 4:1 ratio in D 2 O with sonication, followed by heating at 80°C. 69 The hydrophobic adamantyl moiety of the prodrug molecule is postulated to be encapsulated within the hydrophobic cavity of the hexanuclear cage, as suggested by 1D and 2D NMR spectroscopy. This drug delivery system encapsulating the platinum(IV) complex showed micromolar potency against a small panel of human cancer cell lines (A549, A2780, and A2780CP70) and exhibited higher cytotoxicity (IC 50 = 14.7 ± 2.8 μM) than the platinum(IV) prodrug and the hexanuclear platinum(II) cage (IC 50 = 22.3 ± 1.8 and 57.7 ± 9.2 μM, respectively). 69 The cytotoxic effect of the host−guest system is attributed to the intracellular release of cisplatin, a conclusion supported by the observation of effects characteristic of cisplatin-induced damage in cells. The mechanistic hypothesis is that the platinum(IV) complex is reduced intracellularly by ascorbic acid, thus releasing cisplatin, 1-adamantylamine, and succinic acid, as suggested by NMR spectroscopy and mass spectrometry methods.
Following these promising results, Casini et al. have recently developed a range of fluorescent exo-functionalized Pd 2 L 4 metallacages and studied the encapsulation of cisplatin by NMR spectroscopy, 70 reporting similar downfield shifts for the protons lining the cages' internal cavity, as reported previously by Crowley et al. for similar systems. 27 Most importantly, the cages were shown by XRD to be able to encapsulate up to two molecules of the anticancer drug cisplatin (Figure 7) . Thus, the Figure 7 . Scheme and X-ray structure of the Pd 2 L 4 metallacage encapsulating two cisplatin molecules (H1−Cl, 2.786 Å; H2−Cl, 2.328 Å; N1−H3, 2.181 Å; N2−H4, 2.326 Å; Pt1−Pt2, 3.439 Å). The X-ray structure was obtained from the CCDC (1431657) and modified accordingly using Discovery Studio software. 70 cytotoxicities of the palladium cages and precursor compounds were tested against a panel of human cancer cells, including A549, SKOV-3, and HepG2 cell lines, in vitro. Furthermore, the activity of encapsulated cisplatin in the benzyl alcoholderived palladium cage was evaluated against SKOV-3 cancer cells in comparison to cisplatin. Interestingly, the encapsulated cisplatin showed an important decreased IC 50 value (1.9 ± 0.5 μM) compared to free cisplatin (15.4 ± 2.2 μM) and the vacant cage complex (11.6 ± 1.7 μM). 71 Notably, the reported metallacages were nontoxic in healthy rat liver tissue ex vivo. Furthermore, the palladium(II) metallacages showed the fluorescence properties due to the ligand system used, and fluorescence microscopy studies allowed one to study their uptake in cancer cell lines.
Inorganic Chemistry
Selective accumulation of metallacages in tumors has been hypothesized to occur via the enhanced permeability and retention (EPR) effect, 72 which has been widely explored in cancer therapy for delivery via passive targeting. 73 In fact, the EPR effect targeting solid tumors has been predominantly shown to be involved in the passive targeting of drugs with molecular weights of more than 40 kDa (20−200 nm in diameter) and for low-molecular-weight drugs presented in drug carriers such as polymeric conjugates, liposomes, and polymeric nanoparticles as well as for micellar systems. 74 However, for supramolecular metallacages, with molecular weights of ca. 2−3 kDa and a diameter of ca. 10 Å, the EPR effect is not likely to influence their delivery. Furthermore, numerous studies evidence that the extent of the EPR effect also varies significantly between patients. 73 Therefore, it can be assumed that the successful conjugation of cell-specific ligands to the outside of the metallacage, including tumor-targeting peptides that are specific for tumor-related surface markers such as membrane receptors, 56, 75 could improve its target specificity and efficacy. However, this concept has been scarcely explored so far. For example, one study has showed noncovalent peptide coating on self-assembled M 12 L 24 coordination spheres, 76 while the encapsulation of a protein within a Pd 12 L 14 cage (L = bidentate ligand) has been achieved by appropriate endo functionalization of the ligands. 77 In this case, ligands were first tethered to the protein. Afterward, following the addition of metal ions and other ligands, coordination nanocages selfassembled around the protein. The latter was the first example of the encapsulation of a protein within synthetic host molecules and may reveal novel strategies to deliver proteins at specific sites and to control their function.
With the aim of implementing supramolecular metallacages as drug delivery systems, the first example of the bioconjugation of self-assembled Pd 2 L 4 cages to a model linear peptide was recently reported. 78 In this case, the approach of the bioconjugation of metallocages was based on amide bond formation between the carboxylic acid (or amine) serving as an exo-functionalized ligand/cage and the amine (or carboxylic acid) groups of the model peptide side chains. Thus, the bioconjugation was performed using two different approaches: (i) direct tethering of the metallacage to the peptide (approach I) or (ii) initial anchoring of the ligand to the peptide, followed by metallacage self-assembly (approach II) ( Figure 8 ). 78 Formation of the metallacage−peptide constructs was assessed via high-resolution ESI-MS, also coupled to high-performance liquid chromatography (LC−MS). So far, the best results were achieved with approach II, where first the coupling of the peptide to the ligands constituting the cages was performed, followed by in situ reconstitution of the Pd 2 L 4 cages via selfassembly. The obtained results open the possibility of the efficient bioconjugation of metallacages to peptides, which could be extended to targeting moieties such as peptides or affimers, and possibly also to antibodies.
Fluorescent metallacages would be a highly desirable drug delivery system because their fluorescence would allow one to track their cellular distribution in vitro and, thus, provide insight into their mechanisms of cellular accumulation. However, quenched photoluminescence of Pd 2 L 4 metallacage systems is often observed, which can be attributed to two primary factors: (i) the so-called "heavy-metal effect" observed upon the self-assembly of luminescent ligands to the metal-ion nodes 79 and (ii) the disruption of the emissive conjugated system. Therefore, in order to improve the fluorescence properties of the Pd 2 L 4 cages (L = fluorescent bispyridyl ligand), Kuḧn et al. have synthesized exo-functionalized cages via an amide bond with either naphthalenyl or anthracenyl Figure 8 . Scheme of the two different bioconjugation approaches applied to conjugate a Pd 2 L 4 cage to a model peptide via amide bond formation: (i) direct tethering of the metallacage to the peptide (approach I) or (ii) initial anchoring of the ligand to the peptide, followed by metallacage selfassembly in situ (approach II). 78 Theoretically, both approaches can produce bioconjugated Pd 2 L 4 cages tethered to four peptide units. moieties. 79 The cages were also investigated for their anticancer properties in human lung and ovarian cancer cell lines in vitro. While the observed cytotoxic effects hold promise and the cages turn out to to be more effective than cisplatin in both cell lines, surprisingly, it was observed that the emission properties were extremely scarce (quantum yields even below 1%). To explain this unexpected observation, time-dependent DFT experiments were carried out on the anthracenyl-based ligand and revealed that the cause of the observed quenching was, most likely, due to a lower probability for highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) excitation (2%) than the corresponding carboxyl-functionalized ligands (24%). 79 Further studies were carried out to determine the possible emission wavelength of the ligands by converting the calculated energy difference between the excitation and relaxation energies and converting this to a wavelength that was found to be in the IR region (λ max = 2000 nm), whereas the carboxyl-and amine-functionalized ligands emitted in the visible range (λ max = 420 nm). From this observation, two reasons were given for the poor fluorescence of the ligands. First, the probability of a HOMO−LUMO excitation is much smaller for the anthracenyl-based ligand. Second, the energy differences between the highest excited-state and nonrelaxed ground-state levels did not correlate to a wavelength within the visible range. 79 In order to avoid disruption of the emissive conjugated fluorescent tag, the direct conjugation of highly luminescent ruthenium-based fluorophores to the Pd 2 L 4 metallacage scaffold via an unsaturated linker group (such as an amide or cycloazide) was attempted. 80 Thus, the highly luminescent fluorophore tris(bipyridine)ruthenium was conjugated to the Pd 2 L 4 metallacage via a saturated alkyl spacer. The hypothesis proved accurate because, remarkably, the resulting cage turned out to be among the most emissive metallacages known to date [ϕ( cage ) = 66%]. 80 Control of the properties of the cavity defined by the SCC is another essential feature to implement them as drug delivery systems. For example, in contrast to the previously mentioned metallacages, anthracene-based platinum(II)-and palladium-(II)-linked coordination capsules provide a characteristic spherical cavity closely surrounded by polyaromatic frameworks. The isolated cavity features a diameter of ca. 1 nm and a volume of ca. 600 Å 3 . These systems can accommodate various neutral molecules in the confined cavity through hydrophobic interactions, but also π stacking, in an aqueous solution. Cages of this type were recently reported to be able to encapsulate fluorescent pyrene, as well as caffeine molecules, 55, 81 while fluorescence microscopy studies evidenced the high extracellular stability of these systems. 81 However, the cytotoxic effects of the capsules, without and with their guest molecules, were very pronounced against different types of cancer cell lines, which may prevent their applications as pure drug delivery systems.

HELICATES AS DNA/RNA RECOGNITION DOMAINS
Nucleic acids are exciting biomolecular targets because they offer the potential to regulate information transfer at an early stage, before the genetic code is translated into proteins. Metal complexes that bind to DNA have been highly explored for several years, with the cationic charge that metals impart being attractive for recognition of the polyanionic nucleic acid structures. 82, 83 Examples include complexes that coordinate to the bases, intercalate, or bind to the phosphate backbone of regular duplex DNA or, more recently, that recognize less common DNA structures such as bulges, quadruplexes, or junctions. 84−87 Such complexes have been explored as therapeutic drugs, fluorescent imaging agents, and footprinting agents 88 and for nanotechnology applications. 89, 90 With respect to SCCs, the field has been pioneered by Hannon and co-workers with synthesis via the self-assembly of metallosupramolecular cylinders composed of bis-(pyridylimine) ligands bound to metal ions. Thus, for example, dinuclear iron(II) metallosupramolecular triple helicates [Fe 2 L 3 ]Cl 4 (L = C 25 H 20 N 4 ; Figure 9 ) were shown to specifically recognize various unusual DNA or RNA structures, 91 such as Yshaped three-way junctions, 91−93 three-way junctions containing unpaired nucleotides, and the so-called T-shaped three-way junctions, 82 while other groups also studied binding to human telomeric G-quadruplex (G4) DNA. 94 Interestingly, these helicates can also bind nucleic acid bulges containing two or more unpaired nucleotides. 95 Concerning other first-row transition metals, di-nickel helicates exhibited chiral selective binding with human telomeric G4, with the right-handed helix selectively stabilizing antiparallel G4, while the left-handed compound did not, and both enantiomers stabilized hybrid G4s. 94 Following these promising results, water-stable iron helices, synthesized directly via diastereoselective self-assembly, could discriminate human telomeric hybrid G4 structures with high chiral selectivity. 96 It is worth mentioning that G4s are noncanonical DNA structures formed by guanine (G)-rich sequences that can self-associate into stacks of G-quartets linked by loop nucleotides. G4s are of growing interest in chemistry and biology, largely because of their peculiar and diverse molecular structures, which include parallel and antiparallel topologies. Recently, G4s have been reported to have critical regulatory roles in biological processes, including but not limited to DNA replication, transcription, and translation, providing new and important mechanisms for controlling gene expression and genome stability, as well as novel targets in cancer chemotherapy. 97 Thus, the possibility of chiral recognition of G4 structures by helicates may pave the way to their selective targeting for gene modulation and anticancer effects.
Recently, Scott et al. developed a new strategy whereby the absolute configurations of the individual metal centers are controlled and linked together to form the prototype helicatelike architectures not relying on the use of rigid ligands. In this case, the key has been the development of simple selfassembling, optically pure monometallic complexes utilizing amino acid derivatives as the source of chirality. 98 These complexes were connected together with linear linkers to form helical bimetallic species known as "flexicates". 98 The compounds are readily water-soluble and remarkably stable in a variety of media. Interestingly, some of these flexicates have shown antibacterial properties, as well as good activity against a range of cancer cell lines. 98, 99 Furthermore, two triple-helical dinuclear iron supramolecular complexes were also shown to act as chiral inhibitors of amyloid-β aggregation, as demonstrated using fluorescent-cell-based screening and multiple biophysical and biochemical approaches. 100 More recent studies by Brabec et al. have shown that iron(II) supramolecular helicates inhibit the interaction of the HIV-1 transactivator protein Tat with transactivation responsive region (TAR) RNA, playing a critical role in HIV-1 transcription. 101 Specifically, the authors reported on the interactions of M and P enantiomers of [Fe 2 L 3 ]Cl 4 with the TAR RNA by using thermal denaturation, electrophoretic mobility shift assay, and RNase A footprinting. The obtained results show that both M-and P-[Fe 2 L 3 ]Cl 4 bind with high affinity to the TAR RNA and discriminate this three-base bulge containing RNA against a fully matched RNA duplex, constituting robust templates for the further development of TAR ligands with improved efficiency and selectivity and with the potential for HIV therapies.
It is evident that future research in the discovery and development of helicates should be directed toward structure− activity relationships to achieve a more rational drug design of therapeutic supramolecular compounds with respect to the targeting of specific DNA secondary structures. Furthermore, such molecules may also be developed as chemical probes to aid in uncovering the functions of these unconventional nucleic acid structures in cancer biology, particularly if endowed with luminescent properties. However, for helicates to be capable of translation to the clinic, a number of criteria need still to be addressed, including optical purity and stability, solubility and chemical stability in water, availability on a practical scale, and synthetic diversity.
CONCLUSIONS AND FUTURE OUTLOOK
Discrete supramolecular constructs attract strong research interest because of their myriad of applications. In this context, 3D SCCs constitute a promising research area, particularly for pharmaceutical and chemosensory applications in biological systems. In fact, 3D SCCs can be designed to fine-tune the dimensions of the cavity and its hydrophobicity and hydrogenbonding properties, as well as to adjust to the influence of the solvent in driving molecular recognition. Moreover, the interplay between the metal and ligand precursors sometimes endows the final constructs with unique properties that are not present in the individual components. Furthermore, the introduction of various functionalities to the chemical composition of the cage can provide a platform for targeted drug delivery, as highlighted in this Viewpoint, or for biochemical applications including the imaging of specific biomolecules. For example, chiral helicates can recognize specific DNA structures, while DNA-coated nanospherical cages may be envisaged as biological sensors in DNA/RNA detection, gene regulation, and biological screening. A schematic representation of the possible areas of biorelated applications for SCCs is presented in Figure 10 . Overall, in this vibrant research field, several challenges can be identified. For example, attaining a selective and spatially controlled release of guest molecules with metallacages remains a difficult task. To this aim, the introduction of stimuliresponsive building blocks within the metallaassembly is required. Different stimuli can potentially be employed to provoke guest release at specific sites (e.g., tumor tissues): pH, temperature, redox reactions, polarity, light, or electric field. Recently, Clever and co-workers have synthesized a palladiumbased metallacage including light-responsive dithienylethene (DTE) spacers. 102 After appropriate irradiation, a geometrical change in the DTE ligands occurs, altering the size of the cavity, thus forcing the initially encapsulated [B 12 F 12 ] 2− guest molecule to remain outside. An example of a redox-active metallacage composed of an extended tetrathiafulvelene-based ligand and a cis-blocked Pd 2+ complex was synthesized and characterized by Salléet al. 103 Remarkably, this electron-rich cage can be disassembled upon chemical oxidation with the thianthrenium radical cation and, subsequently, reassembled by reduction with tetrakis(dimethylamino)ethylene. From the same group, a proof-of-concept related to the redox control of the binding/ releasing process in a host−guest system has been achieved by designing a neutral and robust redox-active metallacage involving two extended tetrathiafulvalene ligands bound to four platinum(II) organometallic complexes. 104 When neutral, the cage can encapsulate a planar polyaromatic guest (coronene). Remarkably, the chemical or electrochemical oxidation of the host−guest complex causes the reversible expulsion of the guest outside the cavity, illustrating the key role of counteranions along the exchange process.
Another synthetic challenge concerns the possibility of encapsulating different drug molecules in the same supramolecular metallacage. Notably, multicavity metallosupramolecular architectures have the potential to allow the binding of multiple different guests within a single assembly and could open up new applications to achieve the combination therapy of different cytotoxic agents. 105 For example, interlocked coordination metallacages, or metal-mediated dimers, have only been reported recently, the first example of which was reported by the Fujita group in 1999. 106 The formation of interlocked metallacage dimers can be difficult to predict; however, the judicious choice of a suitable guest template has been shown to form stable interlocked metallacages, as has the use of complementary ligands that will stabilize each other through intramolecular forces, for example, π-stacking interactions. 107 Currently, the applications for the mechanically interlocked complexes have been postulated to be in molecular machinery and small-molecule recognition, owing to the different cavity environments that interlocked cages possess; however, new applications in the drug delivery of multiple therapeutic agents may be envisioned as the field progresses.
Concerning other possible developments, 3D SCCs may also be optimized for implementing imaging modalities in biological systems. Challenges in this area not only include achieving a size-or shape-selective dynamic molecular recognition but also include detecting and amplifying guest-bonding events to produce a measurable output. Accordingly, an easy-to-measure signal and a proper communication system must be included in the overall molecular design. A representative example of this application was recently reported by Duan et al., in which a hexanuclear gadolinium octahedral nanocage was selfassembled as an efficient multimeric magnetic resonance probe for selectively responding glucosamine. 108 In the supramolecular scaffold, six gadolinium(III) ions were strongly bound to the four planar ligands. The rigid facial bridging ligands provided additional enhancements for the proton relaxivity around gadolinium ions, ensuring the application of magnetic resonance imaging in vivo. Another promising example for bioimaging applications is, in our view, the one reported by Oppel et al. on the preparation of acylhydrazones of 2,3-dihydroxybenzaldehyde, which act as ligands for the selfassembly of heterodinuclear lanthanide(III)−gallium(III) helicates. 109 The new ligands are substituted at the acylhydrazone unit, which binds the lanthanide ion, providing further possibilities for the synthesis of heteronuclear scaffolds and for helicate functionalization with more sophisticated substituents (e.g., peptides).
At the frontier of supramolecular chemistry for biomedical applications, a theranostic system with the capability of performing dual functions (i.e., imaging and therapy) by unifying self-assembly, coordination chemistry, and supramolecular chemistry has recently been developed by Stang and co-workers. 110 In detail, the coordination-driven selfassembly of a tetragonal platinum-based prismatic metallacage incorporating aggregation-induced emission luminogens was achieved. The metallacage was then encapsulated within spherical micelles formed from a mixture of mPEG−DSPE [PEG = poly(ethylene glycol); DSPE = 1,2-distearoylphosphatidylethanolamine] and biotin−PEG−DSPE, wherein the presence of PEG and biotin groups provided a means to stabilize the prisms sitting safely within the hydrophobic pocket. These theranostic nanoparticles were shown to actively target biotin receptor-positive cancer cells selectively over biotin receptor-negative cells. In vivo studies demonstrated that the nanocage system possesses higher antitumor efficacy with lower toxicity compared with free platinum anticancer drugs. 110 Finally, to move forward in this fascinating research area, bioinorganic chemists should also demonstrate the possibility of controling the speciation of SCCs in a physiological environment in order to avoid possible side effects. Thus, we should be able to address the difference between the toxicity related to the "naked", noncoordinated metal ion and that of the corresponding metal stabilized by the coordinating ligands. To this aim, investigation of the stability of SCCs in an aqueous environment and of their reactivity with biomolecules should be conducted at the earliest stages of the research, benefiting from the knowledge already available on bioactive metal complexes and related investigational methods. To fine-tune the reactivity of the supramolecular systems and to guarantee a certain stability, the integration of organometallic moieties within the SCCs may be a valuable strategy. For example, recently, a number of studies exploited N-heterocyclic carbene (NHC) systems to obtain 3D cage compounds. 111, 112 Thus, Altmann and Poẗhig reported on the first [2]rotaxane featuring a functional organometallic Ag I -NHC scaffold. 113 Interestingly, the organometallic interlocked system can reversibly and quantitatively be switched to an organic [3]rotaxane via a unique pH-dependent (de)coordination of the involved metal ions.
Concerning drug delivery applications, the study of the drug encapsulation properties of SCCs in physiological-type conditions should be implemented with techniques other than NMR spectroscopy, for which relatively high concentrations of the host−guest system are necessary, such as fluorescence spectroscopy and isothermal titration calorimetry. In any case, the toxicity of such metal-based entities should be Inorganic Chemistry carefully evaluated in various appropriate investigational models, including in vitro (e.g., cell cultures) but also ex vivo (e.g., tissue slices) and, eventually, in vivo, also taking advantage of recent high-resolution biophysical and analytical techniques aimed at the detection of metal ions in biological samples. Overall, we hope that this Viewpoint will encourage further developments in this exciting interdisciplinary research field and that more input will come from the bioinorganic and medicinal inorganic chemistry communities. Please enjoy and get inspired! ■ AUTHOR INFORMATION Corresponding Author *E-mail: casinia@cardiff.ac.uk.
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